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EFFECT OF NOSE-MOUNTED CONTROL-SYSTEM JETS I N  ROLL-CONTROL 

POSITIONS ON THE AERODYNAMICS OF A SPACE VEHICLE 
t 

By John T .  Sut t l e s  and Robert L. James, Jr. 
Langley Research Center 

SUMMARY 

A wind-tunnel invest igat ion has been conducted t o  determine the  e f f e c t  of 
je ts  produced by a nose-mounted solid-rocket control  system on the  aerodynamics 
of a two-stage rocket vehicle.  The configuration t e s t ed  w a s  a 0.10-scale model 
of an NASA f l i g h t  research vehicle  consisting of a f irst  stage composed of a 
f in - s t ab i l i zed  booster with two aux i l i a ry  rockets and a second stage composed of 
a rocket motor with a spacecraft  compartment mounted on i t s  forward end. 
solid-rocket control  system i s  housed within the spacecraft  compartment. This 
configuration w a s  t e s t ed  i n  the  Langley Unitary Plan wind tunnel by exhausting 
cold a i r  from simulated control-rocket nozzles. The t e s t s  were conducted f o r  
t he  ro l l -cont ro l  mode a t  a Mach number of 2.80 with var ia t ions  i n  the  angle of 
a t t ack  and t h e  jet-to-free-stream pressure r a t io .  

The 

The r e s u l t s  of t h i s  invest igat ion indicate  t h a t  s ign i f icant  aerodynamic 
e f f e c t s  a r e  obtained when the  control  system i s  used i n  conjunction with down- 
stream f i n s  and auxi l ia ry  rockets. It was  found t h a t  use of the ro l l -cont ro l  
mode f o r  t h i s  configuration could result i n  a s izable  loss  of cont ro l  power; i n  
addition, it w a s  found t h a t  a small reduction of s t a t i c  s t a b i l i t y  w a s  obtained. 

INTRODUCTION 

The National Aeronautics and Space Administration has undertaken a general  
program t o  evaluate various rocket vehicle control-system concepts. One such 
control  system used i n  conjunction w i t h  a two-stage rocket vehicle  i s  described 
i n  reference 1. The vehic le  described i n  reference 1 consis ts  of two stages 
with a spacecraf t  compartment mounted a t  the forward end of the  second stage. 
Housed within t h i s  spacecraft compartment i s  the  control  system which uses t h e  
t h r u s t  of four  auxi l ia ry  solid-propellant rockets f o r  control  forces.  These 
rockets are arranged so t h a t  they may be rotated t o  produce pitch-,  yaw-, and 
ro l l - con t ro l  moments. 

The cont ro l  system i s  employed a t  high a l t i t udes ,  thus, an exhaust plume i s  
formed a t  t h e  e x i t  of each of the  four control-rocket nozzles. The presence of 
j e t  plumes such as these can produce s ignif icant  flow separation ahead of t he  
je ts  and thereby af fec t  the  aerodynamic charac te r i s t ics  of t he  body. 
e f f e c t  has been explored f o r  s ing le  jets exhausting a t  the rear of missile-type 
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bodies i n  references 2 t o  5.  I n  addition, je ts  exhausting'over adjacent sur- 
faces can g rea t ly  a f f e c t  the  pressure d i s t r ibu t ion  over these  surfaces and cause 
induced aerodynamic e f fec ts .  Another problem 
area which exis ts  and i s  of pa r t i cu la r  concern f o r  t he  nose-mounted control  sys- 
tem i s  the e f f e c t  of t he  control-rocket exhaust on the  downstream flow f i e l d  
when these rockets are ro ta ted  t o  produce control  moments o r  when the  body i s  a t  
an angle of a t tack .  

(See r e f s .  6 t o  13, f o r  example.) 

Because of the  complexity of t he  aforementioned phenomena, it would be 
extremely d i f f i c u l t  t o  determine ana ly t i ca l ly  the  e f f ec t  of the  control  je ts  on 
the  aerodynamics of t he  rocket vehicle  considered herein. Therefore, a wind- 
tunnel invest igat ion w a s  undertaken t o  explore these problem areas,  the  r e s u l t s  
of which a r e  t h e  subject of the  present report .  
na l ly  designed t o  control  only the  second s tage of an NASA f l i g h t  research vehi- 
c le .  (See r e f .  1.) However, a study w a s  conducted t o  determine the  f e a s i b i l i t y  
of employing the  system i n  r o l l  control  p r i o r  t o  f i r s t - s t a g e  separation. There- 
fore ,  the wind-tunnel t es t  program presented herein w a s  conducted f o r  two model 
configurations, namely the complete configuration and the  configuration with the 
s t ab i l i z ing  f i n s  and auxi l ia ry  rockets removed. Only ro l l -cont ro l  def lec t ions  
were u t i l i zed  and a representat ive Mach number of 2.80 w a s  se lected f o r  these 
t e s t s  which were conducted on a 0.10-scale model i n  the  Langley Unitary Plan 
wind tunnel. The hot exhaust gases of t he  fu l l - s ca l e  control  rockets were s i m -  
u la ted with cold a i r .  The jet-to-free-stream pressure r a t io ,  t h e  control-rocket 
def lect ion angles, and body angle of a t t ack  were var ied during the  invest igat ion.  

The control  system was o r ig i -  

SYMBOLS 

The coef f ic ien ts  of forces  and moments a r e  re fer red  t o  the  body-axis sys- 
tem. 
center  located 21.60 inches (0.549 m) back of t he  theo re t i ca l  nose apex of t he  
model as shown i n  f igure  2. Coeff ic ients  are based on the f i r s t - s t a g e  body 
diameter of 3.10 inches (0.0787 m) and a corresponding area of 7.55 sq in.  
(0.0049 m2). 

(See f i g .  1.) Aerodynamic moments presented a r e  referenced t o  a moment 

Measurements f o r  t h i s  invest igat ion were taken i n  the U.S. Customary System 
of Units. Equivalent values a re  indicated herein i n  the  In te rna t iona l  System of 
of Units ( S I )  i n  the  i n t e r e s t  of promoting use of t h i s  system i n  fu ture  NASA 
repor t s  . 

nozzle e x i t  area,  sq in .  (m') AJ 

At nozzle throa t  area,  sq in .  (m2) 

rolling-moment coef f ic ien t ,  - 2 
C l  qSd 
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m 
qSd 

pitching-moment coeff ic ient ,  - 

FN normal-force coeff ic ient ,  - 
qs 

diameter of f irst  stage of test  configuration, i n .  

nozzle e x i t  diameter, in .  (m) 

r o l l i n g  moment, in - lb  (Nom) 

p i tch ing  moment, in-lb (N*m)  

free-stream Mach number 

j e t  Mach number a t  nozzle e x i t  

normal force,  l b  ( N )  

j e t  s t a t i c  pressure a t  nozzle ex i t ,  lb/sq f t  

(m) 

(N/m2) 

ambient o r  free-stream s t a t i c  pressure, lb/sq f t  (N/D*) 

free-stream dynamic pressure, lb/sq in .  (N/m2) 

cross- sec t iona l  
sq in .  (m*) 

angle of a t t ack  

area of f i r s t  stage of t e s t  configuration, 

of model center  l ine ,  deg 

angle between j e t  a x i s  and tangent t o  f r e e  j e t  boundary a t  nozzle 
l i p ,  t h a t  is ,  i n i t i a l  incl inat ion of j e t  boundary, deg 
(See f i g .  4.) 

cont ro l  rocket def lec t ion  angle, deg (See following sketch. ) 

r a t i o  of spec i f ic  hea ts  i n  rocket exhaust 

divergence angle of conical  nozzle, deg (See f i g .  4.) 

body-axis system 
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Subscripts: 

192,394 control rocket number as shown i n  following sketch which a l so  shows 
the  def lect ion angle 6 fo r  rocket 4 

APPARATUS AND TESTS 

Wind Tunnel 

"his invest igat ion w a s  conducted i n  the Langley Unitary Plan wind tunnel 
a t  a free-stream Elach number of 2.80. 
ence 14. 

This f a c i l i t y  i s  described i n  refer- 

Model 

Model d e t a i l s  and dimensions a re  presented i n  f igure  2 and a photograph of 
t h e  nose section i s  shown i n  figure 3. The m o d e l  i s  a 0.10-scale model of t he  
f l i g h t  research vehicle described i n  reference 1. The f l i g h t  vehicle configu- 
r a t ion  consists of a f in-s tab i l ized  booster with two aux i l i a ry  rockets t o  give 
addi t ional  take-off accelerat ion and a second stage composed of a rocket motor 
with a spacecraft compartment mounted on i t s  forward end. 
composed of four  end-burning solid-propellant rockets i s  contained i n  the  space- 
c r a f t  compartment and the  control-rocket nozzles protrude from the  spacecraft  
skin. 

A control  system 

Details of t he  model control-rocket nozzle are shown i n  f igure  2(b).  

The f irst  stage i s  equipped with a cruciform arrangement of modified 
double-wedge f i n  panels, one of which i s  shown i n  d e t a i l  i n  figure 2(c) .  
f i n  panel had an aspect r a t i o  of 1.5 and represented fu l l - sca l e  panels of 
12 square f e e t  (1.11 a). 
planes formed by the f i n  panels made an angle of 4 5 O  with t h e  p i tch  and y a w  
axes. 
f igure  2( a) ,  are shown i n  d e t a i l  i n  f igu re  2( c )  . 

The 

The model w a s  mounted i n  the  tunnel so that the  

The f i r s t - s t a g e  auxi l ia ry  rocket motors, shown mounted on the  vehicle  i n  

In  order t o  simulate the  exhaust of t h e  cont ro l  rockets, a high-pressure 
plenum chamber w a s  provided ins ide  the  model nose. A high-pressure a i r  supply 
l i n e  and a pressure monitoring tube were attached t o  the  model support s t i ng  
and were run in to  the r ea r  of t he  model, around the  balance, through a s l o t  i n  
the  model and up t o  the  plenum chamber a t  t h e  nose. Details of t he  air  supply 
system and balance i n s t a l l a t i o n  are shown i n  figure 2(d).  During the  t e s t s  
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reported herein,  the  a f t  balance moment center locat ion was.used. 
f i g .  2 (d) . )  However, t o  be compatible with data previously obtained f o r  t h i s  
configuration ( see  r e f .  15), a l l  moment data presented have been converted t o  
the  forward moment center  location. 

(See 

Instrumentat ion 

Aerodynamic forces  and moments were determined by means of a six-component 
e l e c t r i c a l  strain-gage balance; however, only data  from the rolling-moment, 
pitching-moment, and normal-force components a r e  presented. The balance was 
housed within the  body of t he  model and was r i g i d l y  fastened t o  the  s t i n g  sup- 
port  ( f i g .  2 (d) ) .  
the model t o  an ex terna l ly  located pressure transducer. 

The pressure-monitoring tube connected the  plenum chamber i n  

Control-Rocket J e t  Simulation 

The fu l l - sca l e  control rockets have supersonic, convergent-divergent, con- 
i c a l  nozzles and have hot gas exhausts ( so l id  propel lant)  with a r a t i o  of spe- 
c i f i c  heats  7 j  of 1.23. These control  rockets a r e  employed i n  f l i g h t  a t  high 
a l t i t u d e s  so  that p .  p, va r i e s  on the  order of from 10 t o  LO . A t  these 

J /  
high values of p .  p,, a la rge  j e t  plume is  formed a t  the e x i t  of each of the  
control-rocket nozzles. It i s  important t o  simulate these la rge  j e t  boundaries 
i n  t he  wind-tunnel t e s t s  because t h e i r  s ize  i s  an important f a c t o r  f o r  each of 
the  two po ten t i a l  problem areas  being studied i n  t h i s  investigation. 
these po ten t i a l  problem areas  i s  associated with the aerodynamic e f f e c t s  
r e su l t i ng  from flow separation ahead of the jets and the  other  i s  concerned 
with the  aerodynamic e f f e c t s  r e su l t i ng  f romthe  influence of t he  control-rocket 
exhaust on the  downstream flow f i e l d .  The la rge  j e t  plumes a r e  important since 
the s i ze  of t he  j e t  boundaries w i l l  determine the  degree of separated flow 
ahead of the  j e t s  and w i l l  a f f e c t  t he  extent of the  influence of t he  jets on the  
downstream flow f i e l d .  

2 6 

J/ 

One of 

I n  the  wind-tunnel t e s t s ,  room-temperature (70' F (294' K ) )  air  was used 
i n  the  model nozzles t o  simulate the  fu l l - s ca l e  rocket j e t s .  To account f o r  the  
difference i n  7 between the hot gas and a i r  rj = 1.23 and 1.40, respec- 
t ive ly) ,  a re la t ionship  given i n  reference 16 as 

j ( 

w a s  s a t i s f i e d  i n  the  t e s t  nozzle design. 
i n  a i r  nozzles f o r  t he  wind-tunnel model with 

The use of t h i s  re la t ionship  resu l ted  
M j  = 3.36. 

Previous t e s t s  and calculat ions ( r e f .  17) have shown t h a t ,  when j e t  bound- 
a r i e s  a r e  simulated, the most important property t o  be duplicated i s  the  i n i t i a l  
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inclination angle of the jet (63). 
of yj, Mj, On, M,, and Pj/P,. Therefore, in order to simulate the initial 
inclination angles of the control-rocket jet plumes with the attainable values 
of yj and pj/p,, the test nozzles were designed with On greater than that 
of the full-scale control-rocket nozzles. The initial jet inclination angles 
for the model and full-scale rocket nozzles were calculated by two-dimensional 

so that theory. 
the assumption of separated flow ahead of the jet could be used in the same 
manner as in reference 17. It was also assumed that the pressure rise across 
an oblique shock with 30° turning (see ref. 17) occurs at separation where the 
upstream Mach number is the same as the free-stream Mach number. 
calculations, it was determined that in order to simulate even in a modest way 
the large values of 6j with the restricted values of y and pj/p,, the 
nozzle divergence angle 

This initial angle is affected by the values 

'3 The calculations were performed only for cases of large 

From these 

3 
8, should be 50' for the control rockets on the model. 

Characteristic Full-scale 

1.23 
7J 

3.89 

en Bo 

AJ 1% 20 

2.362 in. (0.06 m) 

The relationships of 63 to pj/pw for the full-scale nozzles and for the 
test nozzle are shown in figure 4. 
nozzles will provide 6~ values from about 50' to 7 3 O  for values of pj/p, 
of approximately 6 to 70 which correspond to full-scale values of 
about 230 to 13 000, respectively. 

It can be seen in this figure that the test 

p- p, of J /  

While the duplication of the initial inclination angle of the jet (fjj) 
between the model and the full-scale configuration is adequate for simulation 
of the condition affecting the flow separation ahead of the jet, it is not ade- 
quate for simulation of the downstream jet conditions. 
characteristics are not only affected by the initial jet angle but also depend 
on the mixing between the jet and free-stream flows and on the jet momentum. 
In the tunnel test described herein it was not possible to match the parameters 
which provide a simulation of the jet free-stream mixing and jet momentum. 
Based on considerations such as those given in reference 16, it appears that 
exact simulation of these conditions will require tests with hot-jet exhaust 
gases and duplication of the large p p, values. 

The downstream jet 

jl 
In view of these facts, test results in this report which are affected by 

downstream jet characteristics should be used only to establish trends for 
full-scale effects . 

Test 

1.40 

3.36 

50' 

5.96 

0.2362 in. (0.006 m) 

Compared in the following table are the characteristics of the full-scale 
control rocket nozzle and the test nozzles: 
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Tests and Procedure 

Tests were conducted f o r  t he  complete model configuration and f o r  t he  
model configuration with the  f i r s t - s t age  s tab i l iz ing  f i n s  and auxi l ia ry  rockets 
removed. All tes ts  were run a t  a free-stream Mach number of 2.80 and the angle 
of a t tack  was var ied  from approximately - 8 O  to  8' a t  zero angle of s ides l ip .  

The control  rockets were positioned t o  produce various negative r o l l -  
control  moments. 
while e i t h e r  two o r  four  nozzles were deflected t o  produce the  control  moments. 
The plenum chamber pressure (assumed t o  be j e t  stagnation pressure) w a s  recqrded 
along with t h e  free-stream s t a t i c  pressure for  each run. The j e t  s t a t i c  pres- 
sure w a s  calculated from the  isentropic  nozzle flow relat ionship between area 
and pressure r a t i o s ;  t he  pressure r a t i o  w a s  determined i n  t h i s  manner 
f o r  each tes t  condition. A complete l i s t  of t he  t e s t s  conducted i s  shown i n  
t ab le  I. 

For t he  jet-on conditions a l l  four motors were exhausting 

p .  pm J I  

Corrections t o  Experimental Data 

Model asymmetries.- The experimental data presented i n  t h i s  report  have 
been corrected f o r  model misalinements and asymmetries by sh i f t i ng  a l l  data the  
amount required t o  make Q, Cm, and C2 values zero a t  zero angle of a t tack  
with the  je ts  of f .  This correction w a s  made independently f o r  each configura- 
t i o n  and control-moment def lect ion condition, so t h a t  aerodynamic e f f e c t s  cre- 
ated by the  rocket nozzles (without j e t  f l o w )  were removed from the  data pre- 
sented, along with the  e f f e c t s  of model f i n  misalinements and other  asymmetries. 
These adjustments i n  the  data were very small. 

Control rocket th rus t . -  In  order t o  remove the control-rocket t h r u s t  con- 
t r i bu t ions  from the  aerodynamic coeff ic ients  accurately, spec ia l  tests were 
made f o r  each configuration and control-rocket def lect ion combination considered 
herein. During these tes ts  t h e  model w a s  mounted i n  the  tunnel i n  the  normal 
manner, but there  was no tunnel flow (q  = 0) ,  therefore  the  aerodynamic e f f ec t s  
were eliminated from the  data obtained. The pressure i n  the  wind-tunnel t e s t  
sect ion w a s  reduced so t h a t  pm values were obtained which compared with those 
present during the  regular t e s t  program. The plenum chamber pressure w a s  a l so  
varied t o  provide t h e  range of values of p used i n  the  regular t e s t s .  (See 
t ab le  I.) The 2,  m, and FN values recorded f o r  t h e  various p values 
used were la ter  changed t o  coeff ic ients  by using the  proper values f o r  q, S, 
and d and taken out of the  experimental data  presented herein.  Thus, the  
values f o r  the coeff ic ients  C 2 ,  Cm, and CN presented do not include the  
contributions produced by the  control  rocket t h rus t  with no wind-tunnel flow. 

j 

Accuracy 

A s  described previously, pressure-supply and pressure-monitoring tubes 
were run from outside the  model through the rear  and t o  t h e  plenum chamber i n  
the  nose. Balance ca l ibra t ions  were made t o  determine whether these tubes 

7 



would cause erroneous measurements. During these  ca l ibra t ions ,  t he  tubes were 
pressurized t o  the  values used i n  the  wind-tunnel tests; known forces and 
moments were applied t o  the  model and balance measurements were recorded. 
parisons were made of t he  forces  and moments measured by the  balance and those 
applied t o  the  model and were found t o  agree within the  quoted accuracy of t h e  
balance. (See values of 2 ,  m, and FN i n  t h e  following l i s t . )  It w a s  there-  
f o r e  concluded t h a t  the tubing caused an ins igni f icant  e f f e c t  on the  balance 
measurements. 

Com- 

The estimated maximum inaccuracies of the  coef f ic ien ts  and other  per t inent  
parameters measured herein,  based on instrument ca l ibra t ion  and data repeata- 
b i l i t y ,  are  as follows: 

c 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.02 
C m . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.12 
CN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.14 

. . . . . . . . . . . . . . . . . . . . . . . . . .  f0.5 in- lb  (20.0365 N - m )  . . . . . . . . . . . . . . . . . . . . . . . . . .  24.0 in- lb  (k0.4519 N - m )  
FN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.5 l b  (6.672 N )  
a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20.10 

2 
m 

pj/pm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +4 percent 

RESULTS 

Results of t he  invest igat ion a r e  presented i n  f igu res  5 t o  7 i n  p l o t s  
showing the va r i a t ion  of CN, C,, and C z  with angle of a t tack.  Data are pre- 
sented i n  most of t he  p l o t s  f o r  the  je t -of f  and jet-on conditions. 
d i r e c t  comparisons can be made t o  determine induced aerodynamic e f f e c t s  due t o  
the  control-rocket jets. Any differences i n  the  da ta  for t he  je t -off  and jet-on 
conditions are induced aerodynamic e f f e c t s  s ince the  control-rocket t h r u s t  
e f f ec t s  have 'been removed from a l l  data  presented. 

Therefore 

Effect of 

Data are presented i n  figure 5 to show the  e f f e c t  of je t -pressure r a t i o  
on the  aerodynamic cha rac t e r i s t i c s  of t he  complete configuration. I n  PJP,  

f igure  5(a) t h e  results are given f o r  two cont ro l  rockets def lected t o  produce 
negative rol l -control  moments. CN 
and C, with angle of a t tack  near zero and no s ign i f i can t  values  of C 2  
through t h e  angle-of-attack range of these  tests. 
shown i n  reference 15 f o r  t h i s  configuration. 

The je t -off  da ta  show l i n e a r  va r i a t ions  of 

Similar results were a l so  

I n  examining the  Jet-on data, it i s  immediately apparent t h a t  induced 
values of C2 are obtained f o r  these conditions.  The shape of t h e  curves pro- 
duced by the induced roll moments var ies  appreciably with p p,. A t  zero 3/ 
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angle of a t t ack  the  induced values increase with increasing p .  p but a t  t he  
higher angles of a t tack  the e f fec t  of pj/pOO i s  not c l ea r ly  defined. The CN 

and data show no noticeable induced ef fec ts  f o r  t h i s  configuration except 
fo r  a small nonlinear trend i n  Cm a t  the highest pj/pW. 

J /  00, 

C, 

I n  f igure  5(b) t he  results are given f o r  a l l  four  control  rockets def lected 
30° t o  produce negative ro l l -cont ro l  moments. The cI  data again indicate  
noticeable pos i t ive  induced roll moments. However, these data  have a more reg- 
ular decreasing t rend with angle of a t tack  and more uniform var ia t ion  w i t h  
ps/pW than the data f o r  two control  rockets def lected ( f i g .  5(a)) .  
data  show no noticeable e f f e c t s  due t o  control-rocket exhaust. The Cm data  
do have noticeable changes i n  the  l i nea r i ty ,  and a t  the  highest pj/pm value 
a small des tab i l iz ing  e f f ec t  (reduction i n  slope of curve of 
against  

The CN 

Cm plot ted 
a) i s  apparent a t  zero angle of attack. 

Effect of Fins and Auxiliary Rockets 

I n  order t o  invest igate  t h e  o r ig in  of the induced e f f ec t s  obtained, tes ts  
were conducted w i t h  f i n s  and auxi l ia ry  rockets removed. 
tes ts  are presented i n  f igure  6. 
r a t ion  indicate  no measurable e f f ec t s  due t o  the control-rocket j e t s .  

The results of these 
The jet-on and je t -off  data  f o r  t h i s  configu- 

Effect of Control-Rocket Deflection Angle 

Data are presented i n  figure 7 f o r  the complete configuration with a l l  
four  rockets i n  the neut ra l  posi t ion and w i t h  a l l  four  rockets deflected a t  
various angles t o  produce negative roll moments. These data again indicate  
noticeable induced e f f ec t s  i n  the 
These results also show that an increase in  control-rocket def lect ion angle 
w i l l  result i n  an increase i n  the  induced r o l l  moment. 
with angle of a t tack  show no apparent e f fec ts  due t o  control  deflection. 
C, 
decrease t h e  s t a t i c  s t a b i l i t y  (reduction in  slope of t he  curve of 
against  a). 
deflect ion.  

C z  data which decrease a t  angles of a t tack.  

The var ia t ions  i n  CN 
The 

da ta  do show nonlinear var ia t ions  near ze ro  angle of a t tack  which tend t o  
Cm plot ted 

This effect ,  however, shows no uniform va r i a t ion  w i t h  control 

DISCUSSION 

It i s  Fmportant t o  note tha t ,  although the  controls  were def lected t o  pro- 
duce negative control  moments, the  induced values of obtained were posi- 
tive. Consequently, a decrease i n  rol l -control  effect iveness  w i l l  result. A 
comparison of the r e s u l t s  f o r  t he  complete configuration with those f o r  the  
configuration without f i n s  and auxi l ia ry  rockets shows t h a t  t he  induced e f f ec t s  
are associated with the f i n s  and auxi l iary rockets. The mechanism which i s  

C z  
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probably involved i s  t h a t  of a downwash f i e l d  being generated by the  control- 
rocket j e t s  and the  impingement of t h i s  induced flow f i e l d  on the  f i n s  and a u -  
i l i a r y  rockets a t  the  r e a r  of the  configuration. This e f f e c t  i s  s i m i l a r  t o  
t h a t  caused by upper-stage f i n s  where the  downwash produces induced aerodynamic 
forces  on downstream body surfaces and f i n s .  

Since it has been establ ished t h a t  t he  induced e f f e c t s  are associated with 
the  presence of the  f i n s  and aux i l i a ry  rockets, t h e  simulation of t he  downstream 
charac te r i s t ics  of the  j e t  becomes of primary importance. It w a s  pointed out i n  
the  descr ipt ion of the  je t  simulation t h a t  a simulation of t he  downstream char- 
a c t e r i s t i c s  of the  jets w a s  not obtained. Therefore t h e  results of t h i s  inves- 
t i ga t ion  must be considered as es tab l i sh ing  t rends only. 

I n  f igure 8 the  induced-roll-moment data  a r e  presented as the  r a t i o  of t he  
induced roll moment t o  the  corresponding applied t h r u s t  moment. Presenting the  
data  i n  t h i s  manner not only gives a d i r e c t  measure of the  effect iveness  of t he  
control  rockets of t he  test  configuration but a l s o  tends t o  account f o r  the  
lack of simulation of t h e  j e t  momentum. The jet-momentum e f f e c t s  tend t o  be 
canceled because the  th rus t  moment i s  d i r e c t l y  a f fec ted  by the  momentum of the  
exhaust j e t  and, from a l l  indications,  t h e  induced moments would be a l so .  It 
i s  apparent from the  data  t h a t  t he  induced r o l l  moments a r e  qui te  s ign i f icant .  
For example, a t  the lowest value f o r  t he  configuration with two rockets 
def lected t o  produce r o l l  moments and a t  angles of a t t ack  between about -4' and 
-7.5', a control reversa l  w i l l  result. Near zero angle of a t t ack  the  induced 
moments do not vary appreciably with p p,, however, a t  angles of a t t ack  va r i -  
a t ions  a re  obtained. The most severe control  degradation occurs f o r  the  con- 
f igura t ion  with two rockets def lected and a t  t he  lower values of The 
l e a s t  e f fec t  i s  i n  general  obtained a t  t h e  highest  angles of a t t ack  f o r  t he  
highest  pj/p, values.  No reasonable explanation has been found f o r  the  la rge  
change i n  the induced moments a t  angles of a t t ack  between the  highest  and low- 
e s t  PjlP, conditions f o r  t he  configuration with two rockets deflected.  How- 
ever, it appears reasonable t h a t  the  induced moments would decrease as angle of  
a t tack  i s  increased because the  f i n s  tend t o  be displaced from the wake gener- 
a ted by the control-rocket jets.  Changes i n  the  control-rocket def lec t ion  
angle from 30' t o  60° appeared t o  have l i t t l e  o r  no e f f e c t  on the  r a t i o  of 
induced moment t o  control-rocket t h rus t  moment. 

p -  p, J /  

j /  

p .  p,. J /  

The data presented do not provide su f f i c i en t  information t o  determine the  
cause of the small changes i n  l i n e a r i t y  of t he  Cm data .  This e f f e c t  could be 
caused by a disrupt ion of  the  flow over the  f i n s  and/or by flow separation a t  
the nose. The e f f e c t  i s  small, however, and a complete explanation of i t s  
causes does not appear t o  be important. 

CONCLUDING REMARKS 

The r e su l t s  of a wind-tunnel invest igat ion of t he  e f fec t  of nose-mounted 
control system j e t s  i n  ro l l -cont ro l  pos i t ions  on the  aerodynamics of a two-stage 
f in-s tab i l ized  rocket vehicle  have shown t h a t  s ign i f icant  aerodynamic e f f e c t s  
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are obtained. Induced r o l l  moments w i l l  result from use of the  ro l l -cont ro l  
mode which may be qui te  l a rge  and a r e  i n  a direct ion which reduces effect ive-  
ness of t he  control  rockets. The induced roll i s  associated with the  f i n s  and 
aux i l i a ry  rockets a t  t he  base of the  vehicle  and i s  probably caused by a down- 
wash f i e l d  generated by the  control-rocket j e t s .  The control-rocket j e t s  a l so  
cause a nonlinear va r i a t ion  of pi tching moment with angle of a t t ack  near zero, 
which results i n  a s l i g h t l y  lower s t a t i c - s t a b i l i t y  leve l .  

The use of a nose-mounted control  system i n  conjunction with surfaces such 
as f i n s ,  aux i l i a ry  rockets, and other  protuberances should be approached with 
much caution. 
be separately examined t o  assess the  aerodynamic e f f ec t s .  

Due t o  the  nature  of t h e  problem, each new configuration should 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, Va. ,  October 10, 1965. 
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TABLE: I.- PRECSENTATION OF TEST CONDITIONS 

2450 
2450 
2450 
2450 
1600 
1600 
1600 

1100 
1600 
1600 
1600 

J e t  

[All t e s t s  were run a t  a Mach number of 2.80 f o r  an angle-of-attack 
range of approximately -80 t o  8' a t  zero angle of sideslip] 

117 306 
117 306 
117 306 
117 306 
76 608 
76 608 
76 608 

52 668 
76 608 
76 608 
76 608 

off 

Test 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

13 

Complete 

Fins and aux i l i a ry  
rockets removed 

Complete 

3. 

C ont r o l  rocket def lect ions 
( f o r  negative r o l l  moments) 

61 = 63 = 450; 62 = 64 = 00 

61 = 63 = 450; 62 = 64 = 00 

61 = 6* = 63 = ti4 = 60° 

psf I N/m2 
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Section A-A 
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First stage auxiliary rocket motor 

(c) Fin panel and first-stage auxi l iary rocket motor. 

Figure 2.- Continued. 
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Figure 4.- Comparison of in i t ia l  jet-boundary slopes of the full-scale control-rocket nozzles and the test nozzles. 
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(a) Effect of P j / L  wi th  61 = 63 = 45O for negative rol l-control moments and 62 = 64 = 00. p, = 2450 psf (117 306 N/m2). 

Figure 5.- Effect of control-rocket exhaust and angle of attack on the aerodynamic characterist ics of the complete configuration. 



4 

2 

CN 

-2 

(b) Effect of p,/p, wi th  61 = 62 = 63 = 64 = 300 for negative rol l-control moments. pj = 1600 psf (76 608 N/m2). 

Figure 5.- Concluded. 
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Figure 6.- Effect of control-rocket exhaust and angle of attack on  aerodynamic characteristics of the  configuration wi thout auxl l lary rOCltetS and f ins. 

61 = 63 = 45O for negative rol l -control  moments and 6 = 6 = 00. 
2 4  
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Figure 7.- Effect of roll-control deflection angle o n  aerodynamic characteristics of complete configuration. p j  = 1600 psf (76 608 N/m2); 

Pj/& = 40 ; control  deflections for negative ro l l  moments. 
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Figure 8.- Ratios of induced ro l l  moments to applied moments for various test configurations. 
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